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Abstract: Iron and chromium based alloys have found wide application in various fields of science
and technology. Primary carrier based on Fe-Cr-Al alloy is used in block catalysts for
high-temperature hydrocarbon conversion, in production of block metal catalysts for neutraliza-
tion of toxic gases released during operation of internal combustion engines, as well as those pre-
sent in smoke emissions from enterprises. Influence of thermal action on Fe-Cr-Al alloy foil and
stability of secondary carrier on its surface was studied. Elemental composition of the surface layer
of X15U5 alloy foil does not remain constant during heating and depends on the thermal treatment
mode. Some of the elements come to surface and elemental composition of surface layer can differ
significantly from that observed in the bulk of foil sample. This implies the possibility of changing
the adhesive and adsorption properties of the foil surface, as well as the need to take this fact into
account when supporting a secondary carrier and active phase to the foil. Applied technique of
phosphating and supporting a secondary carrier to the foil surface makes it possible to obtain a
sufficiently stable coating. There is no shedding of the secondary carrier from foil surface during
high-temperature treatment in air.
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1. Introduction

Fe-Cr alloys are widely used in various fields of science and technology, in particu-
lar, in the processing of materials by pressure, the manufacture of medical instruments,
and in the automotive industry. They are regarded as one of the main structural materials
for use in nuclear power plants due to their high corrosion resistance and good mechan-
ical properties. In addition, they have no vacancy swelling, which is essential for the
technology of fast neutron reactors and thermonuclear reactors [1, 2]. The primary carrier
based on the Fe-Cr-Al alloy can be used in block catalysts for high-temperature hydro-
carbon conversion, in particular, methane conversion, as well as hydrogen oxidation [3,
4].

Fe-Cr-Al alloys of composition 14 - 23% Cr, 4 - 5% Al are widely used in the form of
corrugated tapes in the manufacture of block metal catalysts to neutralize toxic gases re-
leased during the operation of internal combustion engines in vehicles, as well as those
present in smoke emissions from enterprises [5]. These alloys for use in this capacity were
recommended in [6] and the technologies proposed in this work. They remain relevant to
the present day.

As a rule, chromium-containing alloys are operated under rather severe temperature
conditions. At the same time, during the operation of products made from these alloys,
questions arise related to their thermal stability. It has been established that the phe-
nomenon of embrittlement at 475 °C for Fe-Cr alloys (double- and more complex com-
position) takes place. It is associated with phase transitions inherent in such systems. The
data of early works devoted to this issue were discussed in [7].
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Subsequently, extensive studies of transformations occurring in chromi-
um-containing alloys at various temperatures and times of thermal action continued
[8-19]. It was shown that the separation of the solid solution into regions with different
chromium content is possible. The mechanism of this process (spinodal or embryonic)
depends on the content of chromium and other metals in the initial alloy, as well as on
the heat treatment mode. It was concluded that the change in the mechanical properties
of chromium-containing alloys is associated with delamination.

This work is a continuation of the research on study of the influence of thermal effect
on Fe-Cr alloys. It was previously shown that it is possible to change the local environ-
ment of iron with the formation of regions depleted and enriched in chromium and
aluminum atoms under thermal action on the foil of Fe-Cr-Al alloys, which are used as
the metal base of catalytic neutralizers of harmful and toxic components of waste (ex-
haust) gases of motor transport and industrial production [20]. In this case, iron in the
nearest coordination spheres can contain a different number of chromium and aluminum
atoms.

In this work, the effect of thermal treatment on the surface morphology of the
Fe-Cr-Al (X15U5) alloy foil and on the elemental composition of the surface layers was
studied. Studies of the physical and chemical characteristics of the primary carrier with
the supported secondary carrier in the initial state and in the temperature range from 25
to 900 °C were also carried out. Recent studies have been undertaken to assess the possi-
bility of using this composite as the basis for creating catalytic converters of environ-
mentally harmful components of exhaust gases from internal combustion engines and
industrial enterprises with an active phase firmly bound to the surface.

2. Materials and Methods

The studies were carried out on a JSM 6610 LV, JEOL scanning electron microscope
with an installed INCA Energy 450 energy-dispersive microanalysis system.

The surface of the foil was pre-treated with a phosphating solution before support-
ing the secondary carrier (aluminum oxide) for stronger adhesion to the foil metal. After
such procedure, drying at room temperature was carried out, or short-term heating in air
for 15 min at 400 °C was carried out.

The secondary carrier in the form of a suspension of boehmite (AIOOH) with addi-
tions of cerium and aluminum nitrate was supported on the primary carrier - metal foil,
after which calcination was carried out at 550 — 600 °C in order to decompose the sup-
ported salts and formation of y-AlOs from boehmite with a specific surface area of ~ 160 -
180 m?/g. The used techniques are described in [21-25].

3. Results and Dicussion
3.1. Study of the X15U5 foil surface morphology during thermal treatment

Figures 1-3 show micrographs of the foil surface with different magnifications in the
initial state and after thermal treatment. The surface of the X15U5 foil in the initial state is
relatively uniform, which is shown in Figure 1. A similar conclusion can be made when
the foil is heated for 1 h at 650 °C, Figure 2. At the same time, the homogeneity of the
X15U5 foil surface was disturbed when heated at 900 °C for 10 h. This is clearly visible
already at magnifications of 1,000 and 3,000 times (Figure 3 b, c). Crystal structures with
signs of faceting are clearly visible at magnifications of 10,000 and 25,000 times on the
surface of the foil. Data on the relief of the X15U5 foil surface in the initial state and after
heat treatment were obtained during further study of the surface morphology. Figures 4
and 5 show the relief of the foil surface in the initial state and after heating at 900 °C for 10
h. The temperature point with the 10 h mark of thermal action at 900 °C was taken, since
the surface morphology of the X15U5 foil undergoes significant changes compared to the
initial state under these conditions.
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Figure 1. SEM images of the X15US5 foil surface in the initial state at different magnifications: (a) —
300 times, (b) — 1,000 times, (c) — 3,000 times, (d) — 10,000 times.
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Figure 2. SEM images of the X15U5 foil surface at different magnifications after heating at 650 °C
for 1 h: (a) — 1,000 times, (b) — 3,000 times, (c) — 10,000 times.
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Figure 3. SEM images of the X15U5 foil surface at different magnifications after heating at 900 °C
for 10 h: (a) — 300 times, (b) — 1,000 times, (c) — 3,000 times, (d) — 10,000 times, (e) — 25,000 times.

Figure 4. Surface relief of X15U5 alloy foil in the initial state.
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Figure 5. Surface relief of X15U5 alloy foil after heating at 900 °C for 10 h.

Comparison of Figures 4 and 5 shows that the relief of the foil surface after thermal
treatment is much more pronounced.

3.2. Investigation of the elemental composition of the X15U5 foil surface before and after heat
treatment

Due to the fact that the microanalysis system was on an electron microscope, it was
possible to change the depth of the studied surface layer of the foil by varying the accel-
erating voltage. The penetration depth is about 1.5-2.0 um at an accelerating voltage of 20
kV, and about 0.5-1.0 um at an accelerating voltage of 10 kV. Table 1 shows the elemental
composition of the Fechral foil surface before and after heating at various accelerating
voltages.

Table 1. Elemental composition of the X15U5 foil surface in the initial state and after thermal
treatment.

Sample T (°C) Accelerating Elements (wt %)
voltage (kV) 0) Al Si Ti Cr Fe Ni P Total
1 25 20 1.78 4.49 0.39 0.27 13.16 79.68 0.22 - 100
10 1.19 3.03 0.24 0.20 23.22 72.12 - - 100
2 650,1h 20 6.44 5.04 0.38 0.29 12.46 64.53 0.18 0.67 100
10 7.21 491 0.29 0.25 21.52 41.53 - 1.29 100
3  900,10h 20 23.95 23.06 0.15 3.52 7.67 41.53 0.12 - 100
10 32.25 27.49 0.05 10.44 17.63 12.15 - - 100

Heating of X15U5 foil in an air atmosphere leads to the oxidation process and alu-
minum coming to the surface, as evidenced by an increase in the content of oxygen and
aluminum (Table 1). This occurs most significantly after 10 h of thermal exposure at 900
°C. The same picture is observed for 650 °C, but to a lesser extent. It should be noted a
significant coming to the surface of titanium at 900 °C. All of the above phenomena are
most clearly manifested at an accelerating voltage of 10 kV, and, consequently, in a thin
near-surface layer.

3.3. Physical and chemical characteristics of the primary carrier with the supported secondary
carrier

Studies of the physicochemical characteristics of the primary carrier with the sup-
ported secondary carrier in the initial state and in the temperature range of 25 — 900 °C
were carried out. The foil of the Fe-Cr-Al alloy, as a rule, was subjected to prolonged
heating in air at 900 °C for 10 h before supporting of secondary carrier, as was recom-


https://doi.org/10.20944/preprints202206.0362.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2022 d0i:10.20944/preprints202206.0362.v1

mended in [6]. The foil was preliminarily phosphated with a phosphating solution before
supporting the secondary carrier for stronger adhesion of the foil to the metal.

An intermediate layer of acidic mono- and diphosphates was supported on the
surface of a pre-oxidized Fechral foil by treating the foil with a phosphating solution (an
aqueous-alcoholic solution of phosphoric acid), followed by drying and heating at 400
°C. Subsequently, acid phosphates bind to boehmite particles with their unsaturated acid
groups, forming thermal-resistant and slightly soluble basic phosphates, when impreg-
nated in an aqueous suspension of aluminum oxide-hydroxide (boehmite). The resulting
intermediate layer has good adhesion to the metal foil and serves as a basis for further
growth of the secondary carrier layer to the required thickness by multiple impregna-
tions with a boehmite suspension with intermediate calcinations at 600 °C.

The method is based on creating an intermediate carrier from aluminum phosphates
between metal foil and aluminum oxide. Previously, a metal block from a fat-free Fechral
tape was subjected to surface oxidation in air in order to create an oxide coating from foil
metals - aluminum, iron, chromium (Figure 6, stage 1). Then the foil was immersed for
some time in a phosphating solution consisting of a solution of 33 - 35% phosphoric acid,
7.5 - 8.5% ethanol and 0.7 - 1.0% butanol in water (Figure 6, stage 2). Then the excess of
the phosphating solution was removed and the foil was placed in an oven at 400 °C for 20
min. This was done to react the oxide coating with phosphoric acid in order to form acid
mono- and disubstituted aluminum and iron phosphates. Excess ortho-phosphoric acid
HsPOs at a temperature of 400 °C reversibly transforms into meta-phosphoric acid HPOs,
which, along with acid phosphates, covers the surface of the foil in the form of a thin
shiny layer (Figure 6, stage 3). Further application of the oxide layer was carried out by
dipping the foil into a suspension of boehmite AIOOH (Figure 6, stage 4), then dried and
calcined in an oven at 600 — 650 °C for 1 h (Figure 6, stage 5).
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Figure 6. Scheme of the stages of the process of phosphating and supporting aluminum oxide to the
pre-oxidized surface of the Fe-Cr-Al foil.

An aqueous suspension of boehmite contains basic hydroxide (Al(OH)s), ox-
ide-hydroxide (AIOOH), and oxide (Al2Os). The previously formed acidic metal salts and
free phosphoric acid in excess of the listed basic compounds Al(OH)s, AIOOH and Al:Os
react with the formation of mixed basic phosphates during drying and calcination.
Multibasic phosphoric acid together with multivalent cations (Al*, Fe3* and Cr®) create a
volumetric spatial structure, forming a strong bond both with the metal through inter-
mediate bonds with phosphate acid groups, and with aluminum oxide from the suspen-
sion through the same groups (Figure 6, stage 5 ). The results obtained for the study of
phosphated foil are shown in Table 2.
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Table 2. Elemental composition of X15U5 foil in the initial state and after treatment.

Sample *Accelerating Elements (wt %)
voltage (kV) O Al Si Ti Cr Fe Ni P Ca Mn Total
4 20 793 408 035 028 1216 7299 - 1.91 - 0.30 100
10 742 350 030 011 1936 66.55 - 2.76 - - 100
5 20 2506 382 022 018 882 5045 0.16 11.29 - - 100
10 29.88 3.63 0.12 - 19.30  29.70 - 17.37 - - 100
6 20 29.83 24.03 0.16 345 626 3342 - 262  0.05 0.19 100
10 40.17 2076 0.04 818 17.02 691 - 6.92 - - 100
7 20 3878 234 005 010 569 3156 012 21.36 - - 100
10 29.81 146 - 0.03 2734 2072 - 20.65 - - 100
8 20 3265 4.06 012 017 705 3862 0.03 17.29 - - 100
10 3440 3.09 - - 2525 15.00 - 22.25 - - 100
9 20 3427 2129 014 361 528 2745 017 778 - - 100
10 4311 1224 - 569 1477 617 - 18.02 - - 100

* Accelerating voltage on an electron microscope.

4 - Foil after phosphating and drying at 25 °C.

5 - Foil after heating at 650 °C for 1 h, then phosphating and drying at 25 °C.

6 - Foil after heating at 900 °C for 10 h, then phosphating and drying at 25 °C.

7 - Foil (without preheating) after phosphating and heating at 400 °C for 15 min.

8 - Foil after heating at 650 °C for 1 h, phosphating and heating at 400 °C for 15 min.
9 - Foil after heating at 900 °C for10 h, phosphating and heating at 400 °C for 15 min.

As shown in the previous section, heating the foil in air leads to the oxidation of the
foil surface and the release of aluminum to the surface (Table 1). This is especially sig-
nificant for sample 3; to a lesser extent, this phenomenon is also observed for sample 2
with a lower heating temperature. Sample 7 (Table 2) shows the presence of a large
amount of phosphorus-containing phase on the surface of the foil with a simultaneous
decrease in the amount of aluminum. The same applies to samples 5 and 8, but the re-
duction in the amount of aluminum is less significant. A significant amount of the
phosphorus-containing phase and aluminium was observed on the surface of sample 9.
A small amount (about 2%) of phosphorus-containing phases is present on the surface of
sample 4. A large amount of aluminium and a small amount of phosphorus-containing
phases are observed on the surface of sample 6. It should be noted that a significant
amount of titanium comes to the surface in the case of foil thermal treatment at 900 °C
(sample 3, Table 1; samples 6 and 9, Table 2). In addition, thermal treatment leads to the
release of a noticeable amount of chromium to the surface with a corresponding deple-
tion of this metal in the inner regions of the foil, as evidenced by the differences in the
chromium content at different accelerating voltages (10 and 20 kV). The same applies to
titanium and aluminium.

Figure 7 shows SEM images of the X15U5 foil surface with a supported secondary
carrier after different thermal treatment modes and at different magnifications, obtained
using scanning electron microscopy.

Comparison of the surface of initial samples with the supported secondary carrier
(aluminium oxide) with the samples heated for 1 h at 600 and 900 °C shows that at a
30-fold increase, differences in the surface morphology of these samples do not appear.
With an increase from 100 to 300 times, it is noticeable that on a sample heated at 900 °C,
the existing breaks between blocks of a surface increase somewhat compared to the initial
state and thermal treatment at 600 °C. It can be assumed that this is caused by some sin-
tering of the surface of the secondary carrier. At the same time, no traces of even partial
shedding of the secondary carrier from the surface of the foil metal were found. Signifi-
cant differences in the surface structure are not observed at high magnifications. Thus, it
can be concluded that the secondary carrier on the foil surface is quite stable and does not
crumble during high-temperature treatment in air.
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Figure 7. SEM images of the surface of the foil with the supported secondary carrier at various
magnifications.

A study of both the integral and local elemental composition of the sample surface
was carried out. Table 3 shows the integral elemental composition, and Table 4 shows the
local elemental composition of the X15U5 Fechral foil surface after phosphating and
heating at 900 °C. Figure 7 shows the areas (points), where local elemental analysis was
performed. As follows from Figure 8, points 1 and 2 have a similar morphology. At these
points, the elemental composition (Table 4) for all detected elements has only minor dif-
ferences and is close to the average value of the integral composition of the surface (Table
3). A significant discrepancy between the local elemental composition and the average
value of the integral composition of the surface, as well as the local composition at points
1 and 2, is observed in the areas of surface discontinuity - point 3. Based on the data in
Table 4, a significant decrease in the content of oxygen, aluminum and phosphorus is
observed at point 3. At the same time, the content of chromium, cerium and especially
iron increases significantly. This is probably due to the fact that the surface of the primary
carrier contains an unfilled portion, in which a high content of metallic chromium and
iron is observed (as indicated by a low content of oxygen).
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Table 3. Integral elemental composition over the surface of the X15U5 foil sample after phosphat-

ing and heating at 900 °C.
Area Elements (wt%)
(9] Al P Cr Fe Ce Total
1 44.99 38.09 1.53 0.08 0.43 14.88 100
2 43.98 39.06 0.40 0.17 0.63 15.76 100
3 45.07 37.82 1.74 0.14 0.92 14.71 100
Average 44.68 38.32 1.22 0.13 0.53 15.12 100

Accelerating voltage — 20 kV.

Table 4. Local elemental composition over the surface of the X15U5 foil sample after phosphating

and heating at 900 °C.
Area Elements (wt%)
(9] Al P Cr Fe Ce Total
1 28.48 41.99 2.59 0.11 0.58 26.26 100
2 44.87 38.01 1.47 0.10 0.29 15.26 100
3 6.14 7.60 0.34 7.58 36.26  42.07 100

Accelerating voltage — 20 kV.

An almost 3-fold increase in the cerium content relative to the average integral
concentration over the surface suggests that when supporting an aqueous suspension of
boehmite (AIOOH) containing cerium nitrate, the latter is in the liquid part of the sus-
pension and well wets the foil surface during supporting.

200 pm.

Figure 8. SEM image of the X15U5 foil surface with supported secondary carrier and indication of
the regions (points) in which the local elemental composition was determined.

The interlayer between the aluminum oxide coating and the metal surface of the foil
is preserved at further stages of the process of supporting the secondary carrier (multiple
impregnation, drying and heating even up to 900 °C). This indicates that cerium nitrate is
in the form of a highly soluble salt and does not undergo significant hydrolysis in the
presence of aluminum oxide - hydroxide.
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4. Conclusions

Since a change in the local environment of iron is possible under thermal action [12],
this should lead to a change in the mechanical (strength and plastic) characteristics of the
Fechral foil, and, consequently, the strength characteristics of the catalyst blocks. In ad-
dition, the elemental composition of the surface layer of Fechral X15U5 does not remain
constant during heating, but depends on the mode of thermal exposure. This implies the
possibility of changing the adhesion and adsorption properties of the surface, which
must be taken into account when applying the secondary carrier and active phase to the
Fechral foils. The results of the conducted studies showed that the applied technique of
phosphating and supporting a secondary carrier to the surface of the Fechral foil makes it
possible to obtain a stable coating. The secondary carrier is sufficiently strongly bonded
to the foil surface and does not crumble during high-temperature treatment in air.

Shedding or flaking of the secondary carrier was not observed on the blocks of cat-
alytic neutralizers with 20 wt.% supported oxide layer based on the weight of the metal at
1,100 °C heating for 4 h. Shedding and flaking of the aluminum oxide layer when wetting
and subsequent drying of the block with the secondary carrier is also not observed. The
carrier adhered strongly even when supporting a thick coating of up to 20-30 wt.% of the
weight of the metal block. Therefore, it is possible to use this composite with an active
phase firmly bound to the primary carrier (Fe-Cr-Al alloy foil) as the basis for creating
catalytic neutralizers of environmentally harmful components of exhaust gases from in-
ternal combustion engines and industrial enterprises.
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